The role of the electron diffusion on the stability of a Townsend discharge was investigated with the linear stability theory for the one-dimensional fluid equation with drift-diffusion approximation. It was proved that the discovered instability occurs as a result of the coupled action of electron diffusion and the perturbed electric field by space charge. The larger electron diffusion results in the faster growth rate at the regime of small perturbation of the electric field by space charges.
of the linear stability theory with the eigenvalue solver of COMSOL Multiphysics software. The stability of a Townsend discharge for the regime investigated in this research is far from the previously reported transitions, as the space charge is too small to produce any significant distortion of the applied electric field. We found, however, that even in these conditions dc discharge appears unstable. The derivation of the basic equations and boundary conditions for the dimensionless variables corresponding to the parameter regime of the Townsend discharge is presented in Section 2. In Section 3, we present the results of the numerical calculations of the stability properties of the Townsend discharge. Finally, summary and discussions are presented in Section 4.
Ⅱ. Basic Equations and Boundary Conditions
The simplest set of equations containing the basic physics necessary for the investigation of the glow discharge stability comprises the well-known continuity equations in the drift-diffusion approximation. The density of electrons,   , and that of positive ions,   , are coupled in Poisson's equation for the electrostatic potential Φ [5] ,
where   ,   , and   are the electron diffusion coefficient, the mobility of ions, and that of electrons, respectively; α (E ) is Townsend's ionization coefficient [10] and E is the electric field;   is the permittivity of free space, e is the elementary charge, and t is time.
the Z-axis is directed from the cathode to the anode, and thus is opposite to the electric field. For the Townsend limit considered in this study, both the mobility and the electron diffusion coefficient, which otherwise depend on the local electric field, can be assumed to be constant. Because in the Townsend mode electric field is practically constant, local field approximation is applicable to ionization rate α .
Furthermore, the process of dissociative recombination and ion diffusion (we assume that electron temperature exceeds greatly the ion temperature) are completely neglected. In contrast, the axial diffusion of electrons is taken into account. The boundary conditions are taken in the Townsend form. At the cathode (Z=0), the electron flux is generated by the secondary electron emission by ion flux such that
where γ is the secondary electron emission coefficient. At the anode (Z=L ),
We assume that the discharge current is maintained unperturbed by the external circuit (the limiting case of a very high ballast or, equivalently, a current-controlled discharge). By definition, the discharge current density is evaluated at the anode and is given by [11] 
The boundary conditions at the wall of the discharge vessel are not relevant for the present onedimensional study.
We are interested in processes on the time scale longer than the ion transit time
and therefore the time derivative of ion density is considered as a very small perturbation. On this time scale, the time dependency of electron density is eliminated adiabatically and the time derivative of electron density in Eq. (2) is set to zero. It is convenient to introduce the dimensionless times τ , length ｚ , and electric field Ê such that
A significant parameter   is introduced as
which determines the relative value of the diffusive term to the drift term in Eq. (2) . By assuming that dimensionless anode current is equal to unity, we obtain the following dimensionless electron density   from boundary condition [Eq. (6)],
Similarly,
we use for the dimensionless ion density   . In dimensionless form, the governing equations (1)∼ (3) are modified as
where â=α L and the parameter δ ,
determines the distortion of the external ambient electric field by space charge [12] 
Ⅲ. Numerical Analysis
The linear stability analysis of the Townsend discharge treats the density of electrons and ions in a conventional form of
The numerical analysis of this system was executed with COMSOL code with a goal to estimate the relative effect of the different terms in these systems on the magnitude and sign of the stability parameter λ .
For this goal we consider the set of the reduced equations and calculate parameter λ . We have analyzed the following reduced systems:
-Systems without electron density in Poisson's equation.
-In addition to 1, the density of ions in Poisson's equation is neglected for the steady-state, i.e.   =0.
-In addition to case 2, the electron diffusion   in the boundary condition is neglected for the steady state solution   [case (b) in the Fig. 1 ].
-In addition to case 3, the electron diffusion De is neglected [case (c) in the Fig. 1 ]. Fig. 1 shows the real parts of the dimensionless but from the parameter   also, which was neglected in previous study [3] . For the growth rate λ , there is a threshold value of the parameter   , below which instability does not exist (i.e. negative or zero real values of λ ). Therefore, electron diffusion is an essential process in the development of the instability of the Townsend discharge.
Ⅳ. Conclusion
In this work, by solving the eigenvalue problem for the stability parameter λ , we have shown that a
Townsend discharge is unstable due to joint action of the ionization process and electron diffusion.
Accounting for this, the discovered instability is
